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Abstract – This paper presents a method of rapid manufacture 
used in the development of a regenerative pump impeller. 
Rapid manufacturing technology was used to create complex 
impeller blade profiles for testing as part of a regenerative pump 
optimisation process. Regenerative pumps are the subject of 
increased interest in industry. Ten modified impeller blade profiles, 
from the standard radial configuration, were evaluated with the 
use of computational fluid dynamics and experimental testing. 
Prototype impellers were needed for experimental validation of 
the CFD results. The manufacture of the complex blade profiles 
using conventional milling techniques is a considerable challenge 
for skilled machinists. The complexity of the modified blade profiles 
would normally necessitate the use of expensive CNC machining 
with 5 axis capability. With an impeller less than 75 mm in diameter 
and a maximum blade thickness of 1.3mm, a rapid manufacturing 
technique enabled production of complex blade profiles that were 
dimensionally accurate and structurally robust enough for testing. 
As more advanced rapid prototyping machines become available 
in the study in the future, e.g. 3D photopolymer jetting machine, 
the quality of the parts particularly in terms of surface finish will 
improve and the amount of post processing operations will reduce. 
This technique offers the possibility to produce components of 
increased complexity whilst ensuring quality, strength, performance 
and speed of manufacture. The ability to manufacture complex 
blade profiles that are robust enough for testing, in a rapid and 
cost effective manner is proving essential in the overall design 
optimisation process for the pump.  
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of	 2CO 	 production	 [1].	As	 industry	 attempts	 to	make	 energy	
savings	and	reduce	environmental	 impact,	 this	paper	considers	




detailed	mathematical	modelling	 as	 there	 is	 considerable	 flow	
separation	 in	 the	 impeller	 blading	 [2]-[4].	 Analytical	 models	
do	not	describe	 the	flow	characteristics	 fully	as	 they	are	based	
on	 simplified	 assumptions	 and	 experimental	 correction	 factors	
[5]-[7].	 The	 previous	 theories	 rely	 on	 assumptions	 not	 based	
on	 detailed	 measurements	 or	 rigorous	 CFD	 calculations.	 The	
main	 characteristic	 of	 such	 pumps	 is	 the	 ability	 to	 generate	
high	 discharge	 pressures	 at	 low	flowrates.	Although	 the	 pump	
has	other	advantages	 the	main	limitation	is	 its	 inherent	 lack	of	
hydraulic	efficiency,	typically	35-50%.	[8],[11].
Notwithstanding	CFD	being	recognised	as	a	good	design	tool	




testing.	 Prototypes	 this	 complex	would	 normally	 be	machined	
using	computer	numerical	control	(CNC)	machining	techniques.	
Fig.	1: Regenerative Pump Impeller
Fig.	2: Chevron Profile Regenerative Pump Impeller   
Rapid Manufacturing Technique used in the 
development of a Regenerative Pump Impeller























Having	 produced	 the	 standard	 radial	 impeller	 using	
conventional	 milling	 techniques,	 Fig.	 1,	 to	 modify	 the	 blade	




accurate	 alternative	manufacturing	 technique	 to	 create	 suitable	




quick	 fabrication	 of	 physical	 models	 or	 functional	 prototypes	
directly	 from	computer	 aided	design	 (CAD)	data.	RT	 involves	
the	production	of	moulds	and	tooling	inserts	using	RP.
ExPERIMENTAL PROCEdURE
The	 experimental	 rig	 was	 a	 closed	 loop	 arrangement	 where	
a	head	 tank	contains	 the	working	fluid	which	 in	 this	 case	was	
water.	The	 pump	 itself	was	 driven	 by	 a	 3kW	 induction	motor	
to	 operate	 at	 a	 constant	 speed	 of	 3000	 rpm.	 The	 motor	 was	
connected	to	a	dynamometer	containing	a	load	cell	to	accurately	
measure	 the	 input	 torque	 to	 the	 impeller	 for	 calculating	 the	






and	 discharge	 pressure	 over	 a	 range	 of	 flowrates.	 The	 test	
impeller	was	a	30	bladed	impeller	of	width	1.3	mm	and	diameter	
74.5mm.	The	impeller	was	a	double	suction	shape	designed	with	
alignment	of	 the	blades	 to	balance	axial	 thrust	 (Fig.	4).	 In	 this	
design	the	impeller	had	radial	teeth	or	vanes	machined	into	each	
side	at	its	periphery.	
	The	fluid	entered	both	sides	of	 the	 impeller	 through	a	suction	
port	 making	 the	 unit	 a	 double	 suction	 unit.	 The	 casing	 had	 a	
barrier	wall	 “stripper”	 through	which	 the	 impeller	 passes	with	




Fig.	3: Regenerative Pump Rig Schematic
DESIGN	OF	THE	REGENERATIVE	PUMP	IMPELLER







The	 regenerative	 pump	 is	 sometimes	 also	 referred	 to	 as	





It	 is	 essential	 to	have	access	 to	manufacturing	methods	 that	
can	 produce	 dimensionally	 accurate,	 small	 and	 complex	 parts.	
Having	 determined	 that	 the	 baseline	 radial	 impeller	 (Fig.	 1),	
with	parallel	blade	surfaces,	was	the	limit	of	operator	controlled	
milling	 techniques,	 an	 alternative	 approach	 was	 required	 to	
facilitate	the	production	of	increased	complexity	variants	of	this	
standard.	 (Fig.	2)	The	need	 is	 to	consider	a	 faster	and	cheaper	



















3D	 printing,	 fused	 deposition	 modelling	 (FDM)	 and	 FDM	 in	
conjunction	with	RTV	process	(vacuum	forming).		
RP	 is	 an	 acronym	 for	Rapid	Prototyping	while	 SRP	 is	 an	
acronym	 for	Subtractive	Rapid	Prototyping.	Subtractive	Rapid	
Prototyping	 is	 used	 to	 describe	 traditional	CNC	cutting	where	
generally	material	is	removed	from	a	solid	block	with	a	rotating	











4	 axis	 CNC.	 CNC	machines	 can	 exist	 in	 virtually	 any	 of	 the	
forms	 of	 manual	 machinery,	 like	 horizontal	 mills.	A	 4th	 axis	
allows	 rotation	 of	 machine	 parts.	 The	 part	 can	 be	 machined	







Fig.	5: CAM tool path plot of Impeller
As	seen	 in	Fig	6,	 the	 Impeller	would	have	 to	be	 turned	and	
refixed	 to	 allow	 symmetric	 machining.	 The	 geometry	 of	 the	





increase	manufacturing	 time	 and	be	 a	 source	of	 possible	 error	
and	was	hence	discounted	as	a	production	method.	[Fig	6]
Fig	6: CAM tool split line plot of Impeller
The	 next	 category	 to	 be	 considered	 was	 3D	 printing	 rapid	
prototyping	 technology.	A	 three	 dimensional	 object	 is	 created	
by	 layering	 and	 connecting	 successive	 cross	 sections	 of	
material.	 3D	 printers	 are	 generally	 faster,	 more	 affordable	
and	 easier	 to	 use	 than	 other	 additive	 fabrication	 technologies.	
Layers	 of	 a	 fine	 powder	 (plaster,	 corn	 starch,	 or	 resins)	 are	
selectively	 bonded	 by	 “printing”	 an	 adhesive	 from	 the	 inkjet	
printhead	 in	 the	 shape	 of	 each	 cross-section	 as	 determined	
by	a	CAD	file.	(figs.	7,	8)
Fig	7	:	3d -Printer
Fig	8: Bonded Shape Impeller Lay down
Fig	9: 3d Impeller
The	finished	printed	impeller	is	then	coated	with	an	infiltration	
material	 to	 prevent	 the	 fragile	 structure	 from	 crumbling.	
(Fig	9).	Even	after	coating	the	specimen	proved	too	fragile	to	test	
in	the	experimental	rig.






layer	 is	 complete,	 the	 platform	 lowers	 by	 one	 layer	 thickness	
and	 the	process	begins	again.	The	part	 is	easily	 removed	from	
the	platform,	supports	are	 removed	and	 the	specimen	 is	 ready.	
(Fig	10)
Fig	10: FdM Completed Impeller
The technology was developed by S. Scott Crump in the late 
1980s and was commercialised in 1990. The FDM technology 
is marketed commercially by Stratasys, which also holds 
a trademark on the term. [9]
Fig	11: FdM Machine and completed Impeller
Several	materials	are	available	with	varying	trade-offs	between	
strength	 and	 temperature.	 As	 well	 as	 acrylonitrile	 butadiene	
styrene	(ABS)	polymer,	 the	FDM	technology	can	also	be	used	
with	 polycarbonates,	 polycaprolactone,	 polyphenylsulfones	
and	waxes.	A	“water-soluble”	material	can	be	used	for	making	
temporary	supports	while	manufacturing	is	in	progress.	Marketed	
under	 the	 name	WaterWorks	 by	 Stratasys	 this	 soluble	 support	






proportions	 can	 vary	 from	 15	 to	 35%	 acrylonitrile,	 5	 to	 30%	
butadiene	and	40	to	60%	styrene.	The	advantage	of	ABS	is	that	
this	material	combines	the	strength	and	rigidity	of	the	acrylonitrile	
and	 styrene	polymers	with	 the	 toughness	of	 the	polybutadiene	




of	 polybutadiene	 in	 relation	 to	 styrene	 and	 also	 acrylonitrile	
although	this	causes	changes	in	other	properties.	
The	 FDM	part	was	 produced	 and	 run	 on	 test.	However	 the	
impeller	 blades	 broke	 apart	 and	 after	 close	 inspection	 it	 was	





Fig	12: Failed FdM Impeller
To	 produce	 a	 mechanically	 stronger	 impeller	 FDM	 in	
conjunction	 with	 RTV	 was	 considered.	 RT	 as	 previously	
mentioned	 involves	 the	 production	 of	 moulds	 and	 tooling	
inserts	 using	 RP.	 Room	 temperature	 vulcanizing	 (RTV)	 is	
a	 relatively	 inexpensive	 and	 fast	 way	 to	 fabricate	 prototype	







liquid	 to	 be	 cast	will	 be	 driven	 into	 the	mold	 by	 atmospheric	
pressure,	 while	 the	 vacuum	 will	 also	 remove	 trapped	 air	 that	
would	 otherwise	 impede	 the	 free	 flow	 of	 the	 liquid	 casting	
material.
Fig	13: RTV mould containing Impeller
Vacuum	 Casting	 is	 widely	 used	 for	 producing	 accurate	
silicone	 tools	 for	 casting	 parts	 with	 fine	 details	 and	 very	 thin	





strong	 enough	 to	 survive	 the	 fluid	 loading	within	 the	 running	
pump.





Fig	15: Gated / vented blade.
The	 impeller	 blade	 with	 a	 	 chevron	 profile	 shown	 here,	 is	
prepared	 by	 adding	 venting	 and	 gating	 to	 the	 pattern;	 this	 is	
needed	as	the	vacuum	is	imposed	during	casting	to	allow	air	to	
escape	(Fig	15).	






Once	 the	 two-part	 silicone-rubber	 is	 de-aerated	 and	 then	
mixed,	 it	 is	 poured	 into	 the	 mould	 casting	 frame	 around	 the	
pattern.	(Fig	17)
Fig	18: Pattern removal
After	 curing	 the	 mould	 inside	 a	 heating	 chamber;	 the	 next	
stage	 is	 the	 removal	of	 the	pattern	 from	the	silicone	mould	by	
cutting	along	 the	parting	 line	and	 then	closing	and	 sealing	 the	
mould;	(Fig	18)
The	computer-controlled	equipment	mixes	and	pours	the	resin	









then	 removing	 it	 from	 the	mould.	After	 casting	 the	 resin,	 the	
mould	is	moved	to	the	heating	chamber	for	between	two	to	four	
hours	to	cure	the	urethane	part.	(Fig	20).

























Preliminary	 results	 demonstrate	 that	 the	 impellers	 have	 the	
potential	to	improve	the	pump	efficiency	[13].
Whilst	the	process	has	demonstrated	reasonable	success	in	
producing	 	 viable	 test	 samples,	 the	FDM/RTV	method	 several	
disadvantages.	 Surface	 finish	 and	 the	 need	 for	 a	 two	 stage	
manufacturing	 process	 (FDM	 then	 RTV).	 Limited	 range	 of	







As	 the	 capabilities	 of	 CFD	 continue	 to	 develop,	 it	 is	 to	 be	
expected	 that	 the	uncertainties	associated	with	CFD	prediction	
should	 also	 reduce.	At	 the	 very	 least	 it	 is	 to	 be	 expected	 that	
there	will	 be	 a	 continuing	growth	 in	 processing	power	 for	 the	
foreseeable	 future,	which	will	 reduce	 and	 perhaps	 remove	 the	
geometric	simplifications	which	have	to	currently	be	made.	The	
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